Key Points {#FPar1}
==========

A mechanistic understanding of absorption, distribution, metabolism and elimination processes affecting the exposure of ciprofloxacin was comprehensively elucidated in a whole-body physiologically-based pharmacokinetic approach.The model was successfully applied to predict age-related changes in pharmacokinetics for pediatric and geriatric patients, using an age-informed physiological database.Further pharmacokinetic assessments in other special population groups, or an evaluation of biopharmaceutical issues during formulation development, are potential application scenarios and support subsequent pharmacodynamic model extension.

Introduction {#Sec1}
============

Ciprofloxacin is an antimicrobial agent of the fluoroquinolone class that has been extensively studied since its market approval in 1987, and is widely used in the clinic because of its broad antibacterial spectrum. Since its approval, ciprofloxacin has been applied clinically in an increasing number of indications, with a variety of administration and formulation forms. However, resistance is a constant concern to the application of fluoroquinolones as one of the major treatment options against gram-negative bacteria \[[@CR1]\]; thus, appropriate dosing is crucial and needs to be ensured for all patient populations. The pharmacokinetics of ciprofloxacin are known to be dose linear over a broad dose range, including the therapeutically relevant dose levels \[[@CR2]\]; however, exposure is dominated by several processes that can potentially be influenced by physiological changes associated with disease, maturation or aging. In this context, physiologically-based pharmacokinetic (PBPK) modelling can be used to assess the effects of physiological and pathophysiological changes, such as process maturation and disease status, on the pharmacokinetics of ciprofloxacin.

Ciprofloxacin is categorized as a class II/IV borderline compound in the Biopharmaceutics Classification System (BCS) \[[@CR3], [@CR4]\]. After absorption and the subsequent first-pass effect mainly characterized by oxidative metabolism, ciprofloxacin achieves relatively high concentrations in bronchial tissue \[[@CR5]\], prostatic fluid \[[@CR6]\] and cerebrospinal fluid \[[@CR7]\]. Several mechanisms are involved in its elimination, where 50--80% is renally excreted. Tubular secretion is the dominant process in the renal elimination of ciprofloxacin \[[@CR8], [@CR9]\]. Approximately 20% of intravenously administered ciprofloxacin undergoes metabolism, and four metabolites have been measured in plasma \[[@CR10]\]. The remaining elimination pathway has been described as a transluminal secretion across the enteric mucosa \[[@CR8], [@CR11]\].

In order to assess ciprofloxacin pharmacokinetics, compartmental modelling and simulation approaches have been described in the literature. Population modelling, with subsequent covariate analysis, has been used to describe the pharmacokinetics of ciprofloxacin in pediatrics and adults \[[@CR12]--[@CR14]\]. Generally, such a modelling approach is well-suited for interpolating simulations, but can generate biased predictions if applied outside of the tested dose or covariate range.

As an alternative, PBPK models integrate a large amount of substance-independent prior knowledge and are therefore particularly suited for questions involving extrapolation beyond tested settings. Generally, limited a priori pharmacokinetic data is required for initial PBPK model building, although observed exposure results are useful to iteratively refine or examine the consistency of the model \[[@CR15]\]. A thorough mechanistic understanding of compound pharmacokinetic drivers can help to plan or provide dosing recommendations during concomitant antibiotic pharmacotherapy. The power of PBPK tools led to an increased number of sponsor submissions combining several factors impacting patient pharmacokinetics, such as age, race, genetics and organ impairment \[[@CR16]\].

The objective of this study was to establish a ciprofloxacin PBPK model in which exposures for a large dose range are represented, considering major intravenous and oral administration schemes. A PBPK model of ciprofloxacin is presented, integrating clinical data from a comprehensive literature survey and individual data from our own clinical studies. Specifically, the established model should allow a reliable prediction of pharmacokinetics over the entire human age range, from term neonates to the oldest old.

Materials and Methods {#Sec2}
=====================

Data {#Sec3}
----

At first, a comprehensive review of the published literature was performed focusing on the pharmacokinetic information of ciprofloxacin following intravenous and oral administration in mainly healthy adults. Studies containing measured plasma concentration--time profiles and courses of urinary excretion or the resulting fractions for different pathway contributions were gathered and extracted. In a second search step, pharmacokinetic studies in pediatric and geriatric subjects were screened and analysed. In cases where studies were conducted in patients, the impact of the respective diseases or health conditions on the pharmacokinetics in adults was re-evaluated and excluded if confirmed. Since cystic fibrosis (CF) was identified as a covariate in a population pharmacokinetic analysis \[[@CR13]\], studies including CF patients were excluded, as were studies in patients with sepsis \[[@CR17], [@CR18]\], organ impairment \[[@CR18]--[@CR20]\], ectomy, or observed during any other surgical procedures \[[@CR21], [@CR22]\]. Cancer patients were not considered due to contradicting observations derived from small study groups in this highly heterogeneous patient group \[[@CR23], [@CR24]\]. Furthermore, the study population should clearly represent a well-defined age group to allow an age-related pharmacokinetic assessment.

In total, 122 clinical studies reporting ciprofloxacin adult pharmacokinetic data published between 1983 and 2017 were screened, of which 69 were considered in this study (see Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"} for a list of the identified studies). For the pediatric age range, three studies had been identified, while 11 studies were gathered for the geriatric age group (summarized in Table [3](#Tab3){ref-type="table"}).Table 1Patient characteristics and mean pharmacokinetic parameters in ciprofloxacin studies using intravenous dosing reported in the literatureDosage (mg)RegimenInfusion time (min)PopulationAUC (mg h/L)CL (L/h)ReferencesAge, years (range)Weight, kg (range)*n*Females (%)203080.85 (60--96)2060\[[@CR28]\]**25BID10(19--45)(49.9--71.8)900.73** **±** **0.121.878** **±** **0.324**^**d**^\[[@CR29]\]50328 (21--34)69.3 (61--79)801.45 ± 0.3333.72 ± 7.29\[[@CR30]\]501530 (22--34)67 (52--80)12501.23 ± 0.241.58 ± 7.2\[[@CR31]\]**501530 (22--34)67.5 (51--80.5)12501.2** **±** **0.241.22** **±** **7.8**^**c**^\[[@CR32]\]**50BID10(19--45)(49.9--71.8)901.59** **±** **0.151.908** **±** **0.18**^**d**^\[[@CR29]\]**75BID10(19--45)(49.9--71.8)902.47** **±** **0.42.124** **±** **0.408**^**d**^\[[@CR29]\]100302381.5902.24 ± 0.540.576 ± 0.1254^d^\[[@CR33]\]100326 (21--40)68 (54--85)12502.54 ± 0.5140.71 ± 7.01\[[@CR34], [@CR35]\]100328 (21--34)69.3 (61--79)802.9 ± 0.3632.82 ± 4.344\[[@CR30]\]10052975609.62 ± 2.29^d^\[[@CR36]\]1006029.2 (23--42)78.5 (65--85)602.81 ± 0.5734.02 ± 5.32\[[@CR37]\]1001530 (22--34)67 (52--80)12502.88 ± 0.5236 ± 8.4\[[@CR31]\]**1001530 (22--34)67.5 (51--80.5)12503** **±** **0.531.8** **±** **6.24**^**c**^\[[@CR32]\]10030(21--29)6023 ± 9.1^c^\[[@CR38]\]10030(21--29)6022.5 ± 8.9^c^\[[@CR38]\]10030(21--29)603.94 ± 1.2524.6 ± 10.4^c^\[[@CR38]\]**100BID30(18--46)(54.8--73)903.4** **±** **0.4930.1** **±** **3.4**^**c**^\[[@CR39]\]**150302381.5903.36** **±** **0.740.5742** **±** **0.1212**^**d**^\[[@CR33]\]150BID30(18--46)(54.8--73)905.14 ± 0.7729.8 ± 4^c^\[[@CR39]\]200302381.5905.17 ± 0.870.489 ± 0.0726^d^\[[@CR33]\]2003024.3 (20--30)78 (64--91)1205.2021 ± 1.391641 ± 11.3\[[@CR40]\]20025.4 (19--39)66.6 (50--82)10505.52 ± 1.95\[[@CR41]\]**2003027 (19--33)79 (67--83)1205.37** **±** **0.7237.92** **±** **4.5**\[[@CR6]\]2001027.1 (22--30)77.3 (60.5--89.4)805.97 ± 0.9126.8 ± 5.71^c^\[[@CR42]\]2001027.125 (22--30)77.3375 (60.5--89.4)8026.8 ± 5.7^c^\[[@CR43]\]2003029.3 (21--38)67.112505.73 ± 1.3836.66 ± 8.04\[[@CR9]\]2002028 (23--34)66 (58--73)10505.31 ± 1.1239.12 ± 7.98\[[@CR31]\]200BID6072.6 (65.4--87.6)65.6 (42--101)17355.5 ± 1.8^a^0.588 ± 0.258^d^\[[@CR44]\]200BID3072.96 (44--96)67.09 (40--111)4495.513.71 ± 5.5^a^\[[@CR45]\]2003074 (57--84)72 (52--80)1708.17 ± 2.6226.46 ± 7.02\[[@CR46]\]2003074 (57--84)72 (50--80)1408.79 ± 2.7324.42 ± 6.24\[[@CR6]\]200BID6077 (66--90)66 (49.1--102.7)97813.3 ± 4.80.2598 ± 0.1194^d^\[[@CR47]\]**20030(23--32)75.91206.38** **±** **1.0532** **±** **4.77**\[[@CR48]\]20030(21--29)6023.7 ± 5.1^c^\[[@CR38]\]20030(21--29)6023.3 ± 5^c^\[[@CR38]\]20030(21--29)607.22 ± 1.7725.2 ± 5.8^c^\[[@CR38]\]20010(21--29)12028.5 ± 4.7^c^\[[@CR49]\]200BID30(18--46)(54.8--73)907.7 ± 1.3826.9 ± 4.1^c^\[[@CR39]\]**250528 (21--34)69.3 (61--79)808.11** **±** **0.9429.28** **±** **3.504**\[[@CR30]\]250569 (63--76)76.9808.9 ± 0.8326.04 ± 3.222^c^\[[@CR50]\]3003024.3 (20--30)78 (64--91)1208.7143 ± 1.888635.7 ± 5.8\[[@CR40]\]**3006027.3 (21--35)731208.6** **±** **1.536.18** **±** **7.62**\[[@CR51]\]400BID3024.3 (20--30)78 (64--91)12011.0999 ± 1.093436.5 ± 3.8\[[@CR40]\]**4006024.777.312011.2** **±** **0.67235.6** **±** **2.136**\[[@CR25]\]40025.4 (19--39)66.6 (50--82)105011.22 ± 3.5\[[@CR41]\]400TID6025.7574.9512508.75 ± 1.16531.5 ± 5.355\[[@CR25]\]4006026.860.21210014.4 ± 2.30427.7 ± 4.432\[[@CR25]\]4006027.374.9 (63.3--84.5)6014.2 ± 1.1\[[@CR52]\]4006027.3 (21--35)7312011.4 ± 1.635.82 ± 4.92\[[@CR51]\]4006028.273.318024.2 ± 5.1^b^51.72 ± 11.28^c^\[[@CR53]\]400TID6028.273.318032.9 ± 8.83^b^38.94 ± 9.96^c^\[[@CR53]\]4006067.79012013.7 ± 0.82229.2 ± 1.752\[[@CR25]\]400BID6068.2573.312500 ± 024.8 ± 5.208\[[@CR25]\]4006068.867.91210019 ± 3.2321.1 ± 3.587\[[@CR25]\]Bold values indicates studies used for model building*BID* twice daily, *TID* three times daily, *AUC* area under the plasma concentration--time curve, *AUC*~*12*~ AUC from time zero to 12 h, *AUC*~*24*~ AUC from time zero to 24 h, *CL* clearance^a^AUC~12~^b^AUC~24~^c^Clearance normalized to body surface area (L/h/1.73 m^2^)^d^Clearance normalized to body weight (L/h/kg) Table 2Patient characteristics and mean pharmacokinetic parameters in ciprofloxacin studies using oral dosing reported in the literatureDosage (mg)RegimenPopulationAUC (mg h/L)CL (L/h)C~max~ (mg/L)ReferencesAge, years (range)Weight, kg (range)*n*Females (%)*Suspension*10^a^BID(2--4)11351.43\[[@CR54]\]10^a^BID(5--10)12351.44\[[@CR54]\]10^a^BID(11--15)10351.48\[[@CR54]\]10^a^TID0.675 (0.3--0.8)7.675 (6.4--8.8)45010.8 ± 1.2816.4 ± 1.44^e^2.83 ± 1.49\[[@CR55]\]10^a^0.675 (0.3--0.8)7.675 (6.4--8.8)4501.99 ± 1.3\[[@CR55]\]10^a^TID1.33 (1.1--1.6)11 (10.7--11.4)3337.7 ± 1.0918.3 ± 1.22^e^3.57 ± 0.35\[[@CR55]\]10^a^1.33 (1.1--1.6)11 (10.7--11.4)3332.43 ± 1.07\[[@CR55]\]10^a^TID3.733 (2.5--5.3)15.86 (11.9--20)5339 ± 1.3317.3 ± 1.73^e^2.73 ± 1.61\[[@CR55]\]10^a^3.733 (2.5--5.3)15.86 (11.9--20)5332.67 ± 1.12\[[@CR55]\]10^a^TID6.66 (6.3--7.1)22.46 (20.7--23.8)41008.1 ± 1.424.4 ± 1.28^e^1.95 ± 1.14\[[@CR55]\]10^a^6.66 (6.3--7.1)22.46 (20.7--23.8)41002.08 ± 1.53\[[@CR55]\]15.00^a^0.2 (0.096154--0.26923)5.5 (4.1--7.1)74316.1 ± 7.43.3 ± 1.3\[[@CR56]\]15.00^a^2 (1--4.667)11.8 (8.3--17.3)7433.93 ± 1.831.59 ± 0.73\[[@CR56]\]**50025.7 (19--39)71.3 (57.6--90.7)36012.02.4**\[[@CR57]\]**50029.6 (20--40)76.7 (61.9--89.8)3207.31.5**\[[@CR57]\]**50029.6 (20--40)76.7 (61.9--89.8)3208.01.6**\[[@CR57]\]500(24--40)7818013.5 ± 3.0138.8 ± 9.053.23 ± 1.13\[[@CR58]\]*Tablet*5030 (22--34)67.5 (51--80.5)12501 ± 0.30.28 ± 0.08\[[@CR32]\]1001967.5 (58.5--74)6500.52 ± 0.14\[[@CR59]\]10026 (21--40)68 (54--85)12502.1 ± 0.970.73 ± 0.28\[[@CR34], [@CR35]\]**10028801.289** **±** **0.5290.381** **±** **0.153**\[[@CR2]\]1002871001.485 ± 0.5490.437 ± 0.154\[[@CR2]\]10029.4 (21--35)67 (52--80)12501.77 ± 0.640.37 ± 0.11\[[@CR31]\]**10030 (22--34)67.5 (51--80.5)12501.9** **±** **0.60.49** **±** **0.13**\[[@CR32]\]1007460.25 (30.5--84.2)950\[[@CR59]\]100(30--40)76.9 (70--85.7)450\[[@CR59]\]20027.1 (22--30)77.3 (60.5--89.4)804.18 ± 1.139.1 ± 7.28^d^1.18 ± 0.2\[[@CR42]\]200(21--29)12041.67 ± 6.441.2055 ± 0.229\[[@CR49]\]25024 (20--30)72 (61--81)1005.55 ± 0.341.2 ± 0.1\[[@CR26]\]**250BID24.7 (19--45)68.4 (55.2--91)905.33** **±** **0.611.35** **±** **0.19**\[[@CR60]\]25025.7 (22--37)63 (47.5--79)10501.35 ± 0.17\[[@CR61]\]250BID25.7 (22--37)63 (47.5--79)10501.41 ± 0.32\[[@CR61]\]25026 (21--40)68 (54--85)12505.28 ± 2.411.59 ± 0.57\[[@CR34], [@CR35]\]25027.3751200.823 ± 0.297^e^\[[@CR62]\]250BID27.3751200.629 ± 0.164^e^\[[@CR62]\]**250BID28803.02** **±** **0.9650.935** **±** **0.331**\[[@CR2]\]250BID2881004.195 ± 1.071.182 ± 0.236\[[@CR2]\]25028 (22--34)69.4804.7 ± 0.71.24 ± 0.32\[[@CR50]\]2502975600.94 ± 0.28\[[@CR36]\]**25029.4 (21--35)67 (52--80)10504.23** **±** **1.11**\[[@CR31]\]25067 (60--73)65 (57--74)10407.43 ± 0.77^c^1.7 ± 0.1\[[@CR26]\]25069 (63--76)76.9806.4 ± 1.081.47 ± 0.4\[[@CR50]\]250(22--26)803.7 ± 1^c^0.76 ± 0.22\[[@CR63]\]50022.3 (19--25)62 (59.8--75)125010 ± 2.7838.238 ± 10.142.26 ± 0.75\[[@CR64]\]500TID22.3 (19--25)62 (59.8--75)125013.93 ± 5.3241.436 ± 17.823.51 ± 1.33\[[@CR64]\]500BID24.7 (19--45)68.4 (55.2--91)9013.94 ± 2.86^b^2.89 ± 0.54\[[@CR60]\]50024.8 (19--40)73.3 (57.3--95.5)12011.8 ± 3.6\[[@CR65]\]500BID24.8 (19--40)73.3 (57.3--95.5)12018.5 ± 5.8\[[@CR65]\]5002576.214010.6 ± 2.3^b^2.5 ± 0.6\[[@CR27]\]500BID2576.214014.7 ± 2.7^b^3 ± 0.6\[[@CR27]\]500BID25 (22--40)77.48010.35 ± 0.86^b^\[[@CR66]\]500BID25.7 (19--39)71.3 (57.6--90.7)36011.82.2\[[@CR57]\]50026 (21--30)68 (54--85)12509.6 ± 4.22.8 ± 1.3\[[@CR67]\]500BID26 (21--30)68 (54--85)12509.6 ± 4.52.3 ± 1.1\[[@CR67]\]50026 (21--40)68 (54--85)12509.61 ± 4.182.77 ± 1.26\[[@CR34], [@CR35]\]50027 (19--42)68.3 (57.8--86.6)125010.2 ± 1.9^c^60.06 ± 13.2122.46 ± 0.481\[[@CR68]\]**50027.3 (21--35)7312010.7** **±** **2.62.7** **±** **0.8**\[[@CR51]\]**50028807.383** **±** **1.62.158** **±** **0.646**\[[@CR2]\]5002871007.084 ± 2.861.959 ± 0.503\[[@CR2]\]50028 (22--34)69.48010.3 ± 2.62.35 ± 0.52\[[@CR50]\]500BID28 (22--34)69.48014.3 ± 2.83.1 ± 0.79\[[@CR50]\]500BID28 (22--33)70.4810012.97 ± 0.75^b^\[[@CR66]\]50028.3 (20--42)812.516.2 ± 4.63 ± 1\[[@CR69]\]50029 (23--41)78 (69--83)609.9 ± 2.432.3 ± 0.7\[[@CR70]\]50028 (23--34)67 (52--80)10506.78 ± 1.321.51 ± 0.36\[[@CR31]\]50030 (19--43)74.8 (63--91)125010.6 ± 2.348.84 ± 13.862.12 ± 0.5\[[@CR71]\]500BID31 (21--48)77.31250\[[@CR72]\]5003675710.12.35 ± 0.95\[[@CR73]\]500601709.8 ± 460.12 ± 27.782.2 ± 1.1\[[@CR74]\]50065.375.880\[[@CR75]\]500BID67.377.180\[[@CR75]\]50069 (63--76)76.98013.8 ± 1.752.83 ± 0.61\[[@CR50]\]500BID69 (63--76)76.98020.5 ± 3.43.3 ± 0.38\[[@CR50]\]500BID71 (65--76)84.58013.68 ± 0.74^b^\[[@CR66]\]500BID72 (65--78)67.5810019.28 ± 1.03^b^\[[@CR66]\]500BID72.6 (65.4--87.6)65.6 (42--101)173511.4 ± 4.3^b^0.636 ± 0.222^e^2.6 ± 1\[[@CR44]\]50075.4 (71--86)65.1 (51--79)12020.88 ± 8.6823.64 ± 4.35\[[@CR76]\]500(24--40)7818010 ± 2.1850.2 ± 11.82.83 ± 0.68\[[@CR58]\]**500(24--40)7818012.7** **±** **2.8942** **±** **10.22.91** **±** **0.74**\[[@CR58]\]500(22--26)1107.6 ± 2.6^c^1.6 ± 0.79\[[@CR63]\]75023 (19--26)78.712012.71 ± 2.5828.94 ± 16.432.23 ± 0.5\[[@CR77]\]750BID24.7 (19--45)68.4 (55.2--91)9022.07 ± 6.37^b^4.15 ± 0.72\[[@CR60]\]7502576.214015.6 ± 3.1^b^3.3 ± 0.7\[[@CR27]\]750BID2576.214021.1 ± 6.1^b^4.4 ± 1.1\[[@CR27]\]75026 (24--37)54.6 (52.3--71.8)710028.35.2\[[@CR78]\]75027.1 (22--30)77.3 (60.5--89.4)8015.3 ± 3.7742.2 ± 8.05^d^2.97 ± 0.64\[[@CR42]\]75027.374.9 (63.3--84.5)6019.2 ± 1.13.9 ± 1.7\[[@CR52]\]75027.3 (21--35)12016.8 ± 4.83.8 ± 15\[[@CR51]\]**75028.273.318023.8** **±** **7.22**^**c**^**70.5** **±** **31.14**^**d**^**3.01** **±** **0.88**\[[@CR53]\]750BID28.273.318031.6 ± 12.3^c^53.76 ± 18.36^d^3.59 ± 1.34\[[@CR53]\]75028 (23--34)67 (52--80)12508.77 ± 1.091.97 ± 0.5\[[@CR31]\]75030 (22--34)67.5 (51--80.5)125012.2 ± 2.92.65 ± 0.48\[[@CR32]\]75030 (24--43)86.6 (67.9--106.8)8044.43.6\[[@CR78]\]75033652410016.1 ± 3.9547.33 ± 15.463.19 ± 0.5\[[@CR79]\]**750367424013.42** **±** **2.5954.27** **±** **10.63.14** **±** **0.77**\[[@CR79]\]7506017015.6 ± 9.170.38 ± 48.92.8 ± 1.5\[[@CR74]\]75060.8 (58--77)64.3 (50--93)1090\[[@CR80]\]75065.3 (42--85)71.8 (62--88)1050\[[@CR81]\]75067.875.865020.9 ± 7.742.1 ± 205.1 ± 1.4\[[@CR82]\]75068.650\[[@CR83]\]75070 (61--82)70 (58--80)550\[[@CR84]\]75073 (68--76)62.1 (47.7--69.5)6035.1 ± 6.30.35 ± 0.06^e^5.9 ± 0.7\[[@CR85]\]750BID73 (68--76)62.1 (47.7--69.5)6033.1 ± 12.20.41 ± 0.15^e^6.2 ± 1.8\[[@CR85]\]750BID73 (68--76)62.1 (47.7--69.5)6034.7 ± 9.80.38 ± 0.11^e^6.2 ± 1.6\[[@CR85]\]750BID78 (66--90)63.4 (49.1--66.6)67839.9 ± 11.27.6 ± 2.2\[[@CR47]\]75079.1 (64--92)56.5 (43.6--95.7)204041.92 ± 17.22^b^0.4014 ± 0.2238^e^6.58 ± 2.88\[[@CR86]\]750BID79.1 (64--92)56.5 (43.6--95.7)204047.7 ± 19.610.3366 ± 0.1518^e^8.83 ± 2.79\[[@CR86]\]750BID81.310603.3 ± 2.16\[[@CR87]\]**750(23--32)75.912016.7** **±** **5.151.9** **±** **28.43.34** **±** **1.34**\[[@CR48]\]750(22--26)11012.9 ± 3^c^2.54 ± 0.54\[[@CR63]\]100026 (21--40)68 (54--85)125022.84 ± 9.415.57 ± 1.21\[[@CR34], [@CR35]\]1000287011.611 ± 2.9983.619 ± 0.844\[[@CR2]\]100028810014.683 ± 5.4133.763 ± 0.924\[[@CR2]\]1000(22--26)11016.6 ± 2.4^c^3.38 ± 0.56\[[@CR63]\]Bold values indicates studies used for model building*BID* twice daily, *TID* three times daily, *AUC* area under the plasma concentration--time curve, *AUC*~*12*~ AUC from time zero to 12 h, *AUC*~*24*~ AUC from time zero to 12 h, *CL* clearance, *C*~*max*~ maximum plasma concentration^a^Dose on a mg/kg basis^b^AUC~12~^c^AUC~24~^d^Clearance normalized to body surface area (L/h/1.73 m^2^)^e^Clearance normalized to body weight (L/h/kg) Table 3Summary of clinical studies of ciprofloxacin, sorted by dose, in pediatrics and older adults, used to define the prediction scenarios in this study and compare the predictive performance of the ciprofloxacin PBPK modelAge groupPopulationDosageReferencesAgeFemales (%)Weight, kg (range)Height, cm (range)*n*RouteFormulationmgmg/kgRegimenPediatrics215Years3560IVSuspension10BID\[[@CR88]\]0.770.1Years5414.3 (6.4--23.8)90.5 (65--126)16IVSuspension10TID\[[@CR55]\]215Years3572.1 (66.8--78.8)60POSuspension10BID\[[@CR54]\]514Weeks435.5 (4.1--7.1)7POUnknown15\[[@CR56]\]15Years4311.8 (8.3--17.3)7POUnknown15\[[@CR56]\]Elderly6690Years7866 (49.1--102.7)168 (149--182)9IVUnknown200\[[@CR47]\]5784Years069 (52--80)168 (155--175)14IVUnknown200\[[@CR46]\]6783Years072 (50--80)14IVSolution200\[[@CR6]\]6587Years3565.6 (42--101)17IVSolution200BID\[[@CR44]\]4496Years95.567.09 (40--111)160 (150--178)44IVSolution200BID\[[@CR45]\]6376Years076.98IVSolution250\[[@CR50]\]6783Years06IVSolution400TID\[[@CR25]\]6783Years1006IVSolution400TID\[[@CR25]\]6073Years4065 (57--74)10POTablet250\[[@CR26]\]7186Years065.1 (51--79)161 (154--170)12POTablet500\[[@CR76]\]6376Years076.98POTablet500\[[@CR50]\]6587Years3565.6 (42--101)17POTablet500BID\[[@CR44]\]6376Years076.98POTablet500BID\[[@CR50]\]6876Years062.1 (47.7--69.5)6POTablet750BID\[[@CR85]\]6182Years070 (58--80)15POTablet750\[[@CR84]\]6492Years4056.5 (43.6--95.7)20POTablet750BID\[[@CR86]\]5877Years1064.3 (50--93)10POUnknown750\[[@CR80]\]6690Years7863.4 (49.1--66.6)168 (149--182)6POUnknown750\[[@CR47]\]*BID* twice daily, *TID* three times daily, *IV* intravenously, *PO* orally, *PBPK* physiologically-based pharmacokinetic

In addition to mean study data, individual plasma concentration--time profiles were gathered for pediatric and geriatric patients. For the children, parts of a previously published data-driven population modelling dataset were used \[[@CR13]\]. CF patients were discarded from the dataset, resulting in 236 (143 male and 93 female) children being included in this study. The individuals were treated for various infections and received 10 mg/kg twice daily orally or three times daily intravenously. In total, 763 plasma concentration--time data points sampled in non-CF children were available for this study.

Adult and geriatric individual plasma concentration--time profiles were obtained from three trials \[[@CR25]--[@CR27]\]. The 22 older adults were aged between 60 and 74 years and received 400 mg three times daily intravenously, or a single 250 mg oral dose.

Physiologically-Based Pharmacokinetic (PBPK) Model Development of Ciprofloxacin {#Sec4}
-------------------------------------------------------------------------------

A whole-body PBPK ciprofloxacin model was built using the open source modeling software Open Systems Pharmacology Suite (OSP Suite, <http://www.open-systems-pharmacology.org>), which comprises the PBPK software tool PK-Sim^®^ version 7.2.0, and the systems biology platform MoBi, which allows in-depth mechanistic modeling. The generic PBPK software tool represents 18 organs and tissues and provides a large dataset for age-dependent anatomical and physiological parameters over the entire human lifespan \[[@CR15]\]. Parameter optimization was conducted in MATLAB^®^ version R2013b using the Monte Carlo algorithm of the 'Parameter Identification (PI) Toolbox'.

### Intravenous Administration {#Sec5}

The ciprofloxacin PBPK model-building process was performed stepwise, as depicted in the workflow shown in Fig. [1](#Fig1){ref-type="fig"}. First, physicochemical data available in the literature were incorporated into an initial adult PBPK model. Reported mass-balance data suggest 65.3% urinary and 11.4% faecal excretion of unchanged ciprofloxacin after a 7-day recovery period following intravenous administration, while 19.6% of the dose accounted for metabolites and 2.7% were unaccounted for \[[@CR8]\]. Considering the reported mass-balance information, two first-order hepatic and two renal clearance processes were implemented in the model. Renal clearance processes included a passive glomerular filtration rate (GFR) and an unspecific first-order tubular secretion to account for the renal clearance exceeding GFR. The active process was left unspecific, although the contribution of several transporters, such as the ATP-binding cassette (ABC) drug efflux transporter family \[[@CR89]\] or organic anion transporter (OAT) \[[@CR90]\], are discussed but not finally elucidated. Besides a first-order hepatic metabolism mediated by cytochrome P450 (CYP) 1A2 \[[@CR91]\], an additional unspecific biliary secretion was included. The latter process accounts for a suggested rapid gastrointestinal transcellular secretion of ciprofloxacin \[[@CR8], [@CR11]\]. Concurrently, biliary duct concentration exceeds plasma levels by 20-fold \[[@CR92]\]. The resulting luminal concentrations were consolidated by a continuous fraction of bile released into the gut. Less than 3% of the mass-balance information was not accounted for and was proportionally distributed across all elimination processes.Fig. 1Schematic workflow of the ciprofloxacin PBPK model building and verification steps, including estimated parameters, incorporated data and model verification steps. *iv* intravenous, *po* per os (orally), *CYP* cytochrome P450, *PBPK* physiologically-based pharmacokinetic

### Oral Administration and Formulation {#Sec6}

The mechanistic absorption model in PK-Sim^®^ allows identification of different factors contributing to the rate-limiting impact on the oral absorption of ciprofloxacin. Therefore, active uptake and dissolution profiles were estimated based on concentration--time profiles after oral administration of solution, suspension and immediate-release formulations containing 100--750 mg active ingredient. Since intestinal permeability (*P*~int~) is a global parameter of the gastrointestinal tract in PK-Sim^®^, the effective surface area enhancement factor (*A*~eff~Factor), a multiplier of *P*~int~ in each intestinal segment of the gastrointestinal tract \[[@CR93]\], was estimated for each segment. By this, segmental net absorption impacted by active influx or efflux, and deviating from the estimated passive absorption, can be accounted for by a respective increase or decrease of each *A*~eff~Factor. Finally, in vivo dissolution was informed for each dosage form and dose level. The formulation and subsequent granulate disintegration and dissolution for each dosage form was estimated and was assumed to follow a Weibull function. Similarly to parenteral administration, observed plasma concentration--time profiles following single and multiple administrations of oral doses were pooled for the PI. This allowed for separation of formulation- or gastrointestinal tract-dependent influences.

PBPK Model Verification {#Sec7}
-----------------------

In order to verify the adult intravenous and oral administration model of ciprofloxacin, population simulations in adult reference populations were compared with independent datasets (Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}). Population simulations for each study and dosing scenario contained 1000 individuals matching the respective study characteristics. Performance of the adult ciprofloxacin PBPK model was assessed visually by goodness-of-fit plots for intravenous and oral administration for mean plasma concentration--time study data. Furthermore, the infinite and timely limited area under the plasma drug concentration--time curve (AUC~∞~ and AUC~τ~), and, additionally for oral administration, the maximum plasma concentration (*C*~max~), were determined using the non-compartmental approach of PK-Sim^®^. Mean model simulations were compared with mean literature observations. For all ratio tests, model performance was evaluated by applying the bioequivalence criteria of 1.25-fold and the common twofold criteria for simulation scenarios inside and predictions outside the model-building age range.

Scaling of the Adult Model for Predictions in Pediatric and Geriatric Patients {#Sec8}
------------------------------------------------------------------------------

Once the final adult ciprofloxacin PBPK model was verified, exposure resulting from different dosing scenarios for both ends of the age scale outside of the previously simulated range were predicted by applying the underlying anatomical and physiological age dependencies, as well as age-related clearance and protein-binding information \[[@CR94]--[@CR96]\]. The predictions were carried out without any adjustment of substance-specific parameters defined for the adult reference ciprofloxacin model.

Scaling of the implemented clearance processes to the pediatric population age range was based on a previously published analysis \[[@CR94]\]. For scaling to older adults, the active tubular secretion process was assumed to decrease proportionally to the GFR with increasing age. Therefore, the aging function of the implemented unspecific tubular secretion is linked to the aging GFR \[[@CR96]\]. The hepatic elimination processes mediated by CYP1A2 and the unspecific biliary secretion were scaled in comparison with adult capability on a per-organ weight basis for the elderly population. This indirect scaling considers the age-dependent changes in liver size and perfusion, protein binding and hematocrit \[[@CR96]\].

Formulation information derived during the model-building process for adults was carried forward for the predictions in pediatrics and older adults. Age-dependent information on gastric emptying time, the pH of the gastrointestinal tract, small intestinal transit times, and the intestinal surface area were applied as defined in the underlying OSP database and as previously published \[[@CR97]\]. Since the specific transporters contributing to the absorption and elimination of ciprofloxacin have not yet been fully elucidated, the effect of the maturation and aging process on these pathways is unknown. The resulting uncertainty can be minimized based on respective GI-tract measure changes over age since transporter abundance is normalized to the surface area \[[@CR93]\].

The scaled prediction scenarios were generated based on the available literature data for clinical observations in children and older adults, as summarized in Table [3](#Tab3){ref-type="table"}. Whenever the specific formulation administered was not stated in the respective study, the use of a single immediate-release tablet for the respective fixed dose, and a solution for a body weight-based dose, was assumed for the prediction.

The previously described model verification tests were also performed to allow a predictive performance analysis for scaling to the investigated age ranges. Additionally, AUC and *C*~max~ predictions over the entire lifespan were compared with clinically observed data.

Sensitivity Analysis {#Sec9}
--------------------

The impact of certain parameter changes was estimated in a sensitivity analysis (SA) for simulated *C*~max~ following oral administration and AUC for representative individuals characterizing different regions in parameter space. Investigating parameter influences on outputs serve as an indicator for model performance, reliability and significance of the results achieved.

The SA covered the entire age range assessed in this simulation study and was calculated for all 136 non-derived model parameters. The remaining parameters in the PBPK model are derived from these and are therefore investigated implicitly. Following the US FDA age grouping \[[@CR98]\], age classes were defined for the pediatric age range, and continued with 10-year age increments from 30 years to the oldest old.

Parameters contributing to reach a cut-off defined by capturing 90% of the cumulated total sensitivity were discussed. Since the sum, as well as the identified parameters within this range, might differ between the analyzed age groups, common and deviating parameters within this range were considered. A detailed description of the SA is provided in the electronic supplementary material.

Results {#Sec10}
=======

According to the previously defined PBPK model building, verification, and scaling workflow in Fig. [1](#Fig1){ref-type="fig"}, the model was parameterized based on experimental data in adults for intravenous and oral administration of ciprofloxacin. The model was then scaled to the pediatric and geriatric age range, considering age-dependent physiological changes. For both ends of the age scale, previously studied dosing scenarios were predicted based on prior knowledge, and subsequently compared with the observed exposure.

Intravenous Ciprofloxacin PBPK Model Simulations for Adults {#Sec11}
-----------------------------------------------------------

Parameters describing the drug distribution (octanol--water partition coefficient---Log*P*), metabolism (CYP1A2), and elimination (tubular secretion and biliary clearance) processes were identified based on human plasma concentration--time data, mass-balance information, and urinary excretion profiles following single or multiple intravenous administration of doses ranging from 25 to 400 mg. Studies applied for this step are reported in Table [1](#Tab1){ref-type="table"}. The results of the multiparametric fit to inform the lipophilicity as well as the metabolism and elimination processes, are listed in Table [4](#Tab4){ref-type="table"}. The correlation matrix for this fit (shown in electronic supplementary Fig. 1) revealed no or weak correlations between the three pathways and the lipophilicity, but a stronger correlation between the two hepatic pathways. Since the mass-balance data were used to inform the PI, the retrieved pathway parameterization was accepted for further application.Table 4Input data values and model parameters for the ciprofloxacin PBPK modelParameterCiprofloxacin PBPK modelModel input valueSources*Physicochemical* Molecular mass (g/mol)331.3Drugbank (<http://www.drugbank.ca>) Log*P*0.95Estimated using PK-Sim^®^ parameter identification pKa6.09 (acidic)Experimentally determined \[[@CR99]\]8.62 (basic)Experimentally determined \[[@CR99]\] Fraction unbound0.67Experimentally determined \[[@CR31]\] Aqueous solubility at pH 7 (mg/mL)38.4Experimentally determined \[[@CR100]\]*Absorption* Enhancement factor  Duodenum255.8Estimated using PK-Sim^®^ parameter identification  Upper and lower jejunum10.4Estimated using PK-Sim^®^ parameter identification  Upper and lower ileum11.0Estimated using PK-Sim^®^ parameter identification  Large intestine2.3Estimated using PK-Sim^®^ parameter identification*Distribution* Partition coefficient modelPK-Sim standardWillmann et al. \[[@CR101], [@CR102]\] Cellular permeability modelPK-Sim standardWillmann et al. \[[@CR101], [@CR102]\]*Metabolism* CYP1A2-mediated clearance (L/min)0.067Estimated using PK-Sim^®^ parameter identification*Elimination* pathways GFR fraction for passive renal clearance1PK-Sim^®^ default Tubular secretion clearance (L/min)0.706Estimated using PK-Sim^®^ parameter identification Biliary clearance (mL/min/kg)1.286Estimated using PK-Sim^®^ parameter identification*LogP* octanol--water partition coefficient, *pKa* acid dissociation constant in log scale, *GFR fraction* fraction of glomerular filtration rate used for passive renal elimination, *CYP* cytochrome P450, *PBPK* physiologically-based pharmacokinetic

In a subsequent application, the developed ciprofloxacin PBPK model for intravenous administration in adults was able to well describe the plasma concentration--time profiles following different intravenous administration protocols. An exemplary profile is shown in Fig. [2](#Fig2){ref-type="fig"}.Fig. 2Exemplary ciprofloxacin plasma concentration--time profile after a 200 mg intravenous administration (left). The symbols (black dots) represent the median of the individually observed plasma concentration, with the corresponding standard deviation indicated by error bars \[[@CR31]\]. The thick black line represents the simulated population median, and the grey shaded area covers the 5th to 95th percentile prediction interval of simulated plasma concentration--time profiles. The simulated versus observed study population mean plasma concentration--time points (right) were used for model verification in the adult age range. In this figure, the thick black line represents the line of identity and the dashed lines indicate the twofold range

Oral Ciprofloxacin PBPK Model Simulations for Adults {#Sec12}
----------------------------------------------------

After the ciprofloxacin PBPK model was parameterized for intravenous administration in adults, the model was expanded to simulate oral absorption from the gastrointestinal tract. Following the multiparametric fit, the respective parameters were adjusted, as shown in Table [4](#Tab4){ref-type="table"} and electronic supplementary Table 1, where estimated parameters were not, or only weakly, correlated (electronic supplementary Fig. 2). The subsequent simulations of plasma concentration--time profiles for ciprofloxacin doses ranging from 50 to 1000 mg were sufficiently reliable compared with experimental data. Although different properties for formulations were identified, the fraction dissolved was almost complete and a fraction absorbed of nearly 80% was achieved, allowing bioavailability of approximately 70%. The formulations differed in the initial phase after absorption, leading to differences within the bioequivalence range for the time at which *C*~max~ occurred. An exemplary profile is shown in Fig. [3](#Fig3){ref-type="fig"}.Fig. 3Exemplary ciprofloxacin plasma concentration--time profile after a 500 mg oral administration (left). The symbols (black dots) represent the median of the individually observed plasma concentration, with the corresponding standard deviation indicated by error bars \[[@CR79]\]. The thick black line represents the simulated population median, and the grey shaded area covers the 5th--95th percentile prediction interval of simulated plasma concentration--time profiles. The simulated versus observed study population mean plasma concentration--time points (right) were used for model verification in the adult age range. In this figure, the thick black line represents the line of identity, and the dashed lines indicate the twofold range

PBPK Model Verification {#Sec13}
-----------------------

The ciprofloxacin PBPK model for adults was verified by comparing independent datasets that were not used for model building, with corresponding simulations. Reliable simulations were obtained for the mean plasma concentration--time data after intravenous and oral administration, as visualized in Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}. Only 4.82% of the mean observed data points for intravenous administration, and 12.13% for oral administration, were outside the simulated twofold range, with no concentration-related bias.

The comparison of AUC and *C*~max~ with literature observations showed no bias for the respective doses (Fig. [4](#Fig4){ref-type="fig"}). Figure [4](#Fig4){ref-type="fig"} illustrates that variability in AUC is higher in oral dosing compared with intravenous dosing: four simulated-to-observed AUC ratios were outside the 1.25-fold range after intravenous dosing, compared with 21 of 44 after oral dosing. Furthermore, all *C*~max~ ratios for oral administration were within the twofold range, while 10 of the 21 ratios were outside the 1.25-fold range. These results showed that, overall, the PBPK model is well-suited to describe the pharmacokinetics of ciprofloxacin after intravenous and oral administration in adults.Fig. 4Verification of the ciprofloxacin PBPK model for the investigated dose range by comparing simulation/observation ratios of mean AUC following **a** intravenous and **b** oral administration, or *C*~max~ following **c** oral administration of ciprofloxacin from various clinical studies in healthy adults at the indicated doses. The thick black line represents the line of identity (simulated/observed ratio = 1), the grey shaded area represents the 1.25-fold window, and the dashed lines indicate the twofold range. *PBPK* physiologically-based pharmacokinetic, *AUC* area under the plasma concentration--time curve, *C*~*max*~ maximum plasma concentration

Prediction of the Age-Related Impact on Ciprofloxacin Pharmacokinetics {#Sec14}
----------------------------------------------------------------------

Considering the physiological changes related to maturation and aging of the human body, the ciprofloxacin PBPK model was scaled to both ends of the age scale. The model successfully predicted the ciprofloxacin plasma pharmacokinetic profiles from 3 months to 90 years of age. Mean data points for both intravenous and oral administration were well-predicted, with only 7.61 and 5.56% of the predictions outside the twofold range having no concentration-related bias (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Predictive performance of the PBPK model indicated by predictive versus observed mean (filled symbols) plasma concentration data of pediatric (diamonds) \[[@CR55], [@CR56]\] and geriatric (squares) patients \[[@CR6], [@CR25], [@CR46], [@CR47], [@CR50], [@CR76]\] following intravenous (left) and oral (right) administration. The thick black line represents the line of identity, and the dashed lines indicate the twofold range. *PBPK* physiologically-based pharmacokinetic

Predicting the exposure of several dosing schemes in different pediatric age groups and overlay plots with observed data revealed wider variability for the clinical observations. Towards the younger ages, *C*~max~ was well-predicted for the population mean, but showed some extremely high concentrations; however, the model was able to cover these concentrations with the predicted concentration range. Deviation was less pronounced for the adult and geriatric population following oral administration (Fig. [6](#Fig6){ref-type="fig"}). Overall, on a population level, the ciprofloxacin PBPK model was able to well-predict the exposure and respective shifts over the entire lifespan, as shown in Fig. [7](#Fig7){ref-type="fig"}.Fig. 6Comparison of predicted (solid lines; geometric mean, shaded area; 5--95th percentile deviation, dashed lines; minimum and maximum) and individual observed data (dots) concentrations of intravenous (left panel) and oral (right panel) administration of ciprofloxacin after a dose of 10 mg/kg every 8 h in pediatric patients of different ages: 0--1 year (**a**), 1--2 years (**b**), 2--6 years (**c**), and 6--12 years (**d**). Intravenous doses in adults (**e**, left) and geriatric patients (**f**, left) were 400 mg, while oral dosing in adults was 750 mg (**e**, right) and 250 mg in geriatric patients (**f**, right). The time indicates the time after the first dose (before axis break) and at steady-state (after axis break). Observed data are based on previous studies \[[@CR13], [@CR25]--[@CR27], [@CR55], [@CR103]\] Fig. 7Model predictions for the AUC and *C*~max~ following intravenous (left) and oral (right) administration. Observed values reported in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"} versus predicted values over age are shown in the upper panel for both parameters. In this figure, the solid line represents the line of unity, the grey shaded area represents the 1.25-fold level, and the dashed black lines represent the twofold level of the predicted accuracy. The AUC after intravenous (**c**) and *C*~max~ after oral (**d**) suspension dosing prediction over age for a dose of 1 mg/kg are visualized in the lower panel. In this figure, predicted population data were represented as the geometric mean (thick black line) and 90% prediction interval (grey shaded area). Observed, dose-normalized pharmacokinetic measures indicate reported means (dots) and standard deviations (error bars). *AUC* area under the plasma concentration--time curve, *C*~*max*~ maximum plasma concentration

Sensitivity Analysis {#Sec15}
--------------------

The parameter SA shown in Fig. [8](#Fig8){ref-type="fig"} revealed that, among all model parameters, dose had the highest and most equal impact on the pharmacokinetic measures AUC~∞~ and *C*~max~ for all age groups, followed by the unbound fraction and parameters related to clearance pathways. For AUC~∞~, age-related patterns were observed for the impact of metabolism and excretion pathways. While the impact of the mainly hepatically located CYP metabolism and biliary secretion increased towards younger age groups, the renally mediated tubular secretion had a greater impact towards older age groups. More parameters contributed to achieve 90% of the cumulated total sensitivity for *C*~max~. In addition to parameters relating to metabolism and elimination, distribution-related parameters were more important with increasing age. Generally, most parameters showed a similar impact of age, while only dose had the same sensitivity for all age groups.Fig. 8Listing of the most sensitive parameters towards AUC~**∞**~ (above the 90% cut-off; middle panel) and *C*~max~ (bottom panel) after oral administration, and the AUC~**∞**~ after intravenous administration (top panel), in descending order. The *x-axis* describes sensitivity values and their positive or negative impact on AUC~**∞**~. Color coding indicates the different ages. *AUC*~***∞***~ area under the concentration--time curve from time zero to infinity, *C*~*max*~ maximum plasma concentration

Discussion {#Sec16}
==========

Over the past decade, PBPK modeling and simulation in special population groups gained more attention, but confidence in this methodology still needs to flourish with continuous improvement and qualification due to the complexity of system-related parameter information. Regulators consider PBPK modeling as a promising approach to inform dosing regimens for pediatric pharmacotherapy \[[@CR104]\]; designated guidelines for conducting and reporting of PBPK analyses have recently been published \[[@CR105], [@CR106]\]. In addition to the increased popularity of pediatric PBPK modeling to assess pharmacokinetics and pharmacodynamics, recent efforts to extend scientifically sound system information to the other end of the age scale \[[@CR96]\] account for an obvious need \[[@CR107], [@CR108]\].

In this study, the first lifespan pharmacokinetic predictions for ciprofloxacin based on a PBPK model were successfully performed using comprehensive physiological information. In addition, a model assessment for predictions based on a large-scale SA was introduced and performed.

After the development of a ciprofloxacin adult PBPK model for intravenous administration based on in vitro and adult pharmacokinetic data, the model was verified for extended simulations in a subsequent step. Visual prediction checks for mean plasma concentration--time data revealed a successful description of the observed data. The assessment of estimated pharmacokinetic parameters leads to an equally well-described description of the investigated dose range, verifying the distribution-, metabolism- and elimination-related parameterization. This also confirmed the underlying dose linearity of ciprofloxacin since the PBPK model was built solely with linear elimination processes.

The model application for exposure simulation following intravenous administration for adults was then adjusted in relation to gastrointestinal absorption following oral administration. Similar to a recent study by Martinez et al., *A*~eff~Factors were estimated to describe the transporter-mediated impact of segmental absorption \[[@CR109]\]. Generally, the model-based net absorption needed to increase in all segments, showing a large uptake in the duodenum and jejunum. This is in line with previous observations following administration of a remote-control capsule \[[@CR110]\]. A saturated absorption with increasing doses, as discussed previously, was not observed in the estimation steps \[[@CR63]\], which might be due to the administration of multiple tablets to achieve higher dose levels, thereby causing limitations in tablet dissolution rather than in absorption. For the mean plasma concentration--time data, only 4.82% of the simulation-to-observation ratios after intravenous administration, and 12.13% after oral administration, were outside the twofold change range (Figs. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}). The resulting simulation-to-observation ratio values for AUC and *C*~max~ were evenly distributed across the line of identity.

Subsequent scaling to both ends of the age scale revealed a robust estimation of age-related exposure changes. Trends in AUC changes reported in the literature were adequately predicted for intravenous and oral dosing. Prediction-to-observation ratios revealed similar accuracy for the mean plasma concentration--time data compared with adults. The increasing variability in *C*~max~ towards younger age groups was captured by the model predictions. Since small intestinal transit time has a notable impact on *C*~max~ based on the SA, but was shown to be barely age-dependent \[[@CR111]\], an even higher net absorption for some individuals in the duodenum or jejunum might explain the scattered instances of elevated maximum plasma exposure. Although pharmacokinetic observations of ciprofloxacin in neonates have been published, these data were not considered in this analysis since neonates in those studies were pooled with other pediatric age groups \[[@CR12]\] or were treated with varying dosing schemes \[[@CR112], [@CR113]\].

In the present study, PI was applied to simultaneously identify lipophilicity and initial elimination parameterization for intravenous administration, as well as to inform in vivo dissolution profiles and the segmental absorption pattern. The influence of these initially uncertain parameters was later assessed in an SA. Use of the SA helps to identify model uncertainties and foster communication between the model developer and the clinical pharmacologist, who gains a better understanding of the applicability of a model in a clinical setting. The SA was conducted to scrutinize how age-dependent changes affect systemic exposure, and to assess the impact of identified parameters on model performance. In the main, parameters related to the kinetics of metabolism and excretion were found to be crucial for the simulated pharmacokinetics (Fig. [8](#Fig8){ref-type="fig"}); however, the metabolism and excretion kinetic rates for each pathway were informed by previously reported mass-balance studies that support confidence in the identified rates \[[@CR8]\].

Over recent years, several PBPK models for ciprofloxacin have been published with different grades of complexity, depending on the purpose of the respective studies. First, the authors of this study published a whole-body PBPK approach to exemplify best practice in the model-building procedure by following simple model learning steps, which allowed already reasonable pharmacokinetic approximations but lacked generality \[[@CR15]\]. Later, Sadiq et al. parameterized an ordinary differential equation system in NONMEM based on plasma observations in intensive care patients in order to predict target tissue concentrations and the time-course of bacterial killing at different sites of infection \[[@CR114]\]. Ball et al. and Navid et al. evaluated drug--drug interaction (DDI) potential using ciprofloxacin as a perpetrator drug for renal transporters \[[@CR59]\] and CYP1A2 \[[@CR115]\]. In the latter case model, verification was not described, while the only verification dataset used in the Ball et al. study was underpredicted after single-dose administration. Furthermore, only Ball et al. developed a full PBPK model on a commercial PBPK platform, which potentially allows for age-dependent absorption, distribution, metabolism, and excretion (ADME) scaling using the underlying databases on physiology and ontogeny. Navid et al. conducted DDI predictions in the elderly by adjusting the unspecific clearance, without taking into account general physiological changes in older adults.

A mechanistic description of the oral absorption of ciprofloxacin has been covered by two publications. First, Martinez et al. investigated the peculiarities of the oral absorption of ciprofloxacin with dedicated clinical trials and sophisticated stepwise information of model processes \[[@CR109]\], while Hansmann et al. recently focused on the dosage form dissolution mechanisms and tried to inform in vivo behavior with in vitro dissolution, transfer and two-stage experiments \[[@CR116]\]. Both approaches were conducted using a commercial platform, but described systemic exposure with a (non)compartmental approach. Unevaluated model predictions by Hansmann et al. towards the older age range showed a lower *C*~max~ than in adults, which is contrary to published clinical observations \[[@CR50]\] and the predictions presented in this study. All these PBPK models allocate between renal and non-renal clearance without precise distinctions of separate processes. This limits the potential pharmacokinetic evaluation of the age- or disease-related impact on these specific processes, which is explicitly considered and informed in the hereby presented PBPK model.

Conclusions {#Sec17}
===========

This developed and verified ciprofloxacin lifespan PBPK model comprises a thoroughly informed basis for mechanistic representation of the compound's ADME processes, which allows reliable scaling to both ends of the age scale. Therefore, such a model can be used to support clinical trial designs or optimize dose regimens. Special pharmacokinetic-related questions triggered by certain clinical scenarios can be responded to adequately for this multipathway drug over the entire age span. Further pharmacokinetic assessments in other special population groups, or an evaluation of biopharmaceutical issues during formulation development, are potential application scenarios and support subsequent pharmacodynamic model extension. This work also demonstrates the importance of an adequately established and verified PBPK model incorporating profound prior knowledge to allow a scientifically sound prediction.
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